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Introduction
After optic nerve injury, transplantation of nerve cells to the injury site can help retinal ganglion cells to regenerate, reach the target area via the graft, and form functional synapses (MacLaren et al., 1998) . Furthermore, the local environment at the site of injury can be improved by intraocular injection of exogenous neurotrophic factors, leading to regeneration of the injured optic nerve (Lorber et al., 2015; Zhang et al., 2015) . Intravitreal injection of ciliary neurotrophic factor (CNTF) has been shown to reduce or postpone optic nerve injury-or ischemia-induced apoptosis of retinal ganglion cells, and transplantation of olfactory ensheathing cells (OECs) reportedly promotes long-distance regeneration of nerve fibers after optic nerve injury (Woodhall et al., 2001) .
However, to the best of our knowledge, there have been no reports of methods that completely repair the injured optic nerve. Because of a lack of timely and effective treatments, about half of all patients with optic nerve injury lose their vision (Faverani et al., 2011) . Therefore, there is an urgent need to find effective methods to protect the nerve, prevent neuronal death and promote repair after damage. OECs and CNTF have been shown to promote repair and regeneration OECs are better than CNTF at protecting injured neurons in the eye, but that combined OEC and CNTF therapy is notably more effective than either treatment alone.
CNTF OECs
Rat models of optic nerve injury in the optic nerve (Ahmad et al., 2000) . In humans, OECs in the olfactory bulb, which is responsible for the sense of smell, have lifelong regenerative ability, secrete neurotrophic substances, and thus help to promote the regrowth of peripheral nerve fibers (Sahenk et al., 2005) . CNTF promotes the growth of motoneurons and prevents their denaturation and death after trauma .
Here, we transplanted OECs into the site of injury (an experimental treatment) and administered recombinant human CNTF intravitreally (a method that has been used in clinical practice) in rat models of optic nerve injury, to investigate whether the combined procedures were more effective than either monotherapy. The objective of this study was to investigate clinical methods of promoting optic nerve repair and providing new insight into the treatment of optic nerve injury and central nervous system damage.
Materials and Methods

Animals
Sixty healthy adult male Sprague-Dawley rats, aged 10 weeks and weighing 180-220 g, were provided by the Laboratory Animal Center, Second Military Medical University, China (license No. 2008001653258 ). The experimental protocol was approved by the Animal Ethics Committee, Changhai Hospital, Second Military Medical University, China. All rats were housed under controlled conditions (22°C) and a 12 hour reversed light/dark cycle, with free access to food and water. Surgery was performed under anesthesia, and all efforts were made to minimize the pain and distress of the experimental animals. All animal experiments were carried out in accordance with the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1986) .
Of the 60 rats, 20 were used for OEC preparation and the remaining 40 for establishing rat models of optic nerve injury. External ophthalmopathy was not observed in any rat.
Primary culture of OECs
Twenty olfactory bulbs were harvested under sterile conditions. The pia mater was removed and the olfactory bulbs, olfactory nerve layer, and granular layer were dissociated. Olfactory bulb tissue was transferred to 0.125% trypsin and digested for 20 minutes in an incubator at 37°C. Complete culture medium (2-3 mL) was added and left for 10 minutes to neutralize the effect of trypsin. When the samples were completely digested with trypsin, they were washed twice with 2-3 mL complete culture medium, cultured with 2 mL complete culture medium, and a single cell suspension was prepared, which was incubated in a culture flask.
Purification of OECs
OECs for grafting should have high purity and good activity (Huang et al., 2001; Ahmed et al., 2005; Boruch et al., 2007; Cerveny et al., 2012) . Adult rat OECs were incubated in 5% CO 2 at 37°C for 12 hours. The suspension, containing non-adherent cells, was inoculated into another non-coated glass flask for 12 hours. After adjustment of the cell concentration, cells were seeded into a poly-L-lysine-treated 24-well plate (1 × 10 5 cells per well) and further cultured for 1 week. Ara-C (Sigma, St. Louis, MO, USA) at a final concentration of 1 × 10 -5 M was added for 48 hours. Cells were then washed, and cultured in complete culture medium containing 21 μM forskolin and 20 μg/mL BPE (both from Sigma).
Identification of OECs
OECs were identified using fluorescent stains for p75 (plasma) and Hoechst 33342 (nuclei) (both from Sigma, following the manufacturers' instructions). Under 200× magnification, 10 nonoverlapping fields were randomly selected for counting p75-positive cells at an excitation wavelength of 550 nm. Hoechst 33342-positive cells were also counted in the same visual fields, at an excitation wavelength of 405 nm. The purity of OECs was calculated as the number of p75-positive cells expressed as a percentage of Hoechst 33342-positive cells in the same visual field. Each experiment was conducted three times, and the mean value was calculated. Staining was performed at 2, 7, 14, 20 and 30 days to confirm cell purity throughout the experiment (Boruch et al., 2001 ). The cells were viewed under inverted phase contrast and fluorescence microscopes (Olympus, Tokyo, Japan).
Cell labeling prior to transplantation
Cells in the logarithmic growth phase were stained with 10 μg/mL Hoechst 33342 at 37°C for 30 minutes, washed twice with serum-free DF12, digested with trypsin, and collected for use.
Establishment of rat models of optic nerve injury
The left optic nerves of the rats were exposed. A small window was made on the outer membrane of the optic nerve, 2 mm from the posterior globe, using a glass micropipette (Department of Neurobiology, Second Military Medical University, China). A 0.5 mm length of optic nerve was completely removed by aspiration with this micropipette, resulting in a 0.5 mm transverse gap, but with the outer membrane and vessels of the optic nerve remaining intact. Phosphate buffered saline (PBS, 2 μL; Solomon et al., 1996) was injected into the site of disconnection of the optic nerve. The segment of optic nerve from the posterior globe to the disconnection site was designated the proximal segment, whereas the distal segment reached from the disconnection site to the optic chiasm (Figure 1 ).
Interventions
Forty rats were randomly divided into one model group and three intervention groups (n = 10 rats/group). In the model group, PBS (2 μL) was injected at the disconnection site immediately after optic nerve disconnection. In the OEC group, condensed OEC suspension (2 μL, 3.5 × 10 6 /mL) was injected at the disconnection site. In the CNTF group, CNTF (2 μL, 20 mg/mL; Department of Neurobiology, Second Military Medical University, China) was injected via the vitreous body. In the OEC + CNTF group, combined injections of OEC and intravitreal recombinant human CNTF were performed.
Characterization of rat models of optic nerve injury
Fifteen hours after modeling, electroretinogram (ERG) and visual evoked potential (VEP) measurements were performed in the left (damaged) and right (control) eyes under the same conditions, to functionally confirm model establishment. For morphological identification, fluorescent cholera toxin B (CTB) staining was performed in 20 μm-thick frozen longitudinal sections of the affected optic nerve. The fluorescent density of optic nerve fibers labeled by laser-induced fluorescent CTB was analyzed using a color image analysis system (Video Pro 32; Leading Edge Pty Ltd., Adelaide, Australia). The mean fluorescent density of optic nerve fibers across two different visual fields was calculated and recorded.
Labeling with fluorescent anterograde and retrograde tracers Four weeks after optic nerve injury, fluorescent labeling using a retrograde tracer (Fluoro-Gold; FG) and an anterograde tracer (biotinylated dextran amine; BDA) (both from Thermo Fisher, Shanghai, China) was performed in the affected eye of each rat, for quantification of surviving RGCs.
The optic nerve was fully exposed through a vertical incision made in the center of the margin of the upper eyelid in the left eye. FG (n = 5 rats) or BDA (n = 5 rats) was injected (5 μL each) approximately 0.5 cm proximal to the center of injury. CTB (5 μL, 0.25%) was injected intravitreally into the left eye to label optic nerve axons using an anterograde tracing technique. The rats were sacrificed 3 days after tracer injection.
The most distal end of the retrobulbar optic nerve was exposed and a partial outward sclera was left for labeling. The optic nerve, from the intraorbital to the intracranial segment, was removed and immediately fixed in paraformaldehyde for 24 hours. The tissue was dehydrated with 25% glucose solution until it sank, and stored at 4°C in the dark until longitudinal sectioning into 20 μm slices. The mounted sections were observed under a fluorescence microscope.
Immunofluorescence staining
Terminally anesthetized rats were placed under an operating microscope. The tissue around the eyeball and intraorbital optic nerve were dissociated. The full-length optic nerve from the intraorbital to intracranial segments containing a part scleral shell (to determine direction) was taken out and post-fixed in 4% paraformaldehyde at 4°C for 2 hours. Then the optic nerve was dehydrated in 30% sucrose at 4°C overnight. The following day, the deposited tissue blocks were embedded with tissue freezing medium (Philas, Changzhou, China), frozen, and cut into 20 μm-thick longitudinal sections using a freezing microtome (Leica CM1860, Germany). All sections were placed on gelatin-coated slides. Three or four sections from the middle part were observed under the fluorescence microscope at 250× magnification, and stored in the dark. CTB fluorescence was induced using a UV optical filter in the absorbance range of 362-437 nm.
RGCs labeled by FG and BDA were counted in fresh tissue. The fresh eyeball was dissociated from the peripheral connective tissue. The cornea was sheared along its edge, and the lens and vitreous body were removed. Under the ophthalmic microscope (Suzhou Liuliu Vision Science and Technology Co., Ltd., Jiangsu Province, China), the retina was dissociated and the nasal and temporal sides were identified. Four small incisions were made at right angles to each other, to partially divide the retina into four quadrants (designated 1-4) of similar sizes but which remained attached to each other. The retina was then peeled from the sclera starting from its edge (Figure 2) , and stretched onto a gelatinized slide with its concave side upward. A few drops of paraformaldehyde were added immediately. After natural drying in the dark, the retina was mounted with 50% glycerol. Under the fluorescence microscope, labeled RGCs were counted in two visual fields (250× magnification), and the mean number per visual field calculated and recorded. The slides were frozen and stored in the dark.
Data analysis
To calculate the number of surviving RBCs 3 days after injection of the FG/BDA retrograde tracers, retinal stretching was performed. At 4 weeks postoperatively, the total number of labeled RGCs 2 mm from the optic disc in quadrants 1 and 3, and 3 mm from the optic disc in quadrants 2 and 4, were counted in each group (n = 10 rats per group) using the Metamorph image analyzer (Universal Imaging Corp, USA) under a fluorescence microscope (Olympus BX60, 250× magnification). The mean number of labeled RGCs was calculated per group. For detection of RGC axon density in the optic nerve, 3 days after injection of the CTB anterograde tracer, the full-length optic nerve from the intraorbital to intracranial segments was cut into longitudinal sections and frozen. Ten sections from 10 individual samples per group (n = 10 rats per group) were processed using a computerized image analyzer (Video Pro 32; Leading Edge Pty). Under an optical microscope (250× magnification), two visual fields, one placed at 2 mm away from the optic foramen and one 4 mm from the optic foramen, were selected to determine the mean optical density value of each section and investigate the change in optic nerve fiber density.
Statistical analysis
All data are expressed as the mean ± SD and were processed using SPSS 10.0 software (SPSS, Chicago, IL, USA). Oneway analysis of variance and Student-Newman-Keuls posthoc test were used for comparing group means. P < 0.01 was considered statistically significant.
Results
Morphology and purity of OECs
Cytochemical staining of adult rat OECs showed that after purification and 2 days of culture, 95% of cells were OECs, and they appeared spindle-shaped, triangular, and ovalshaped ( Figure 3A) . By 7-8 days of culture, the OECs had grown substantially and extended processes, and the spindle-shaped and triangular cells connected into a network ( Figure 3B ). After 7 days of culture, over 90% of cells were still positive for OEC staining and were most suitable for transplantation (Figure 4) . After 12-14 days of culture, the OECs were densely arranged, a small number of cells began to degenerate and die, and a few fibroblasts were seen (Figure 3 ). Finally, after 3 weeks of culture, fibroblasts had increased in number, and OECs had markedly degenerated and shrunk in size, and a granular substance had appeared; in addition, prominences were thin and rigid, and many short spiny processes had formed ( Figure 3D) .
Identification of animal models of optic nerve injury ERG and VEP functional measurements showed a crest and a trough in the images from the control eye, but not in the damaged eye, in which only baseline measurements were observed, indicating that the affected eye had no electrical conduction function. Morphological identification using laser-induced fluorescent CTB in sections of the affected nerve showed that the nerve was disconnected, appearing as a length of vacant axoplasm with a stump on either side.
Tracing of OECs transplanted in vivo
Immediately after optic nerve injury, OECs were injected into the optic nerve sheath at the site of disconnection. Four weeks after transplantation, survival of p75-labeled OECs was viewed under a fluorescence microscope (Figure 5) . A large number of p75-labeled OECs were observed between the optic nerve sheath and the fibers. These cells appeared as small bright green circles with green-stained cell membranes and non-stained nuclei. If a cell died, the whole cell quickly disappeared by dissolution and absorption. The presence of a large number of p75-labeled OECs with regular morphology indicates that these cells are alive and play a role in the repair and protection of the optic nerve.
Survival of RGCs
The number of RGCs 2 mm from the optic disc in quadrants 1 and 3, and 3 mm from the optic disc in quadrants 2 and 4, decreased between groups (P < 0.01). No significant difference was observed between any two groups in RGC survival (P < 0.01) (Figures 6, 7, Table 1 ).
RGC axonal density in the optic nerve
The mean optical density of RGC axons 2 and 4 mm from the optic disc was highest in the OEC + CNTF group, followed by the OEC group, and was lowest in the CNTF group (P < 0.01) ( Table 2) .
Fiber fluorescence
The RGC layer showed the strongest fluorescence, and retinal cells and the optic nerve on the temporal side (and injection side) also showed strong fluorescence. In the longitudinal sections, normal optic nerve fibers were tightly arranged and injured optic nerve fibers were more sparse and disordered. The decrease in the number of nerve fibers in all three treatment groups was slower than in the model group, and the number of surviving axons was more sparse and disordered (Figures 8, 9 ).
Discussion
Compared with other models of optic nerve injury, the optic nerve disconnection model we used here is fairly simple to perform, and has a high reproducibility rate. The fibers 2 mm away from the optic disc were completely removed to leave a discrete, 0.5 mm long transverse gap. The method ensures consistency and accuracy of the damage to the optic nerve fiber, and avoids the variability seen with crush injury. Furthermore, unlike complete transection of the optic nerve, removal of the axoplasm alone ensures the integrity of the epineurium. The injury avoids the retinal blood vessels, thus maintaining the blood supply to the RGCs. The injury site anterior to the optic chiasm prevents interaction between the damaged and normal eyes. Furthermore, the created wound may contain peripheral nerves and nutritional factors, providing the possibility of investigating the effects of additional factors on nerve regeneration. Optic nerve injury models created by aspirating the nerve fibers are ideal for studying optic nerve injury and functional protection.
OECs have been widely used for the treatment of central and peripheral nerve system injury (Boyd et al., 2005; Huang et al., 2007; Cerveny et al., 2012; Liu et al., 2014; Ekberg and St John, 2015) . There is evidence that OECs transplanted into the site of damage to the central nervous system can form a cell bridge to guide the growth of neurites and help neurites extend, contributing to repair (Goureau et al., 2004; Logan et al., 2006) . Furthermore, OECs transplanted at the injury site of the optic nerve are known to promote optic nerve fiber regeneration and repair after injury (Li et al., 2003) . OECs can survive for a long time in vivo and have long-lasting effects (Huang et al., 2008) . However, although Cao et al. (2004) reported that OECs still secreted a large amount of glial cell-derived neurotrophic factor 4 weeks after transplantation, these cells survived no more than 8 weeks. In the present study, the survival rate of RGCs in each visual field in the OEC group was higher than in the model and CNTF groups, indicating that OECs impart considerable protection to neurons in the eye. This supports previous data showing that OECs provide a favorable internal environment for neural regeneration (Huang et al., 2008) .
CNTF, a multipotent neurotrophic factor, protects RGCs and greatly promotes RGC axonal growth . Our results demonstrate that a single intravitreal injection of CNTF can increase the survival of RGCs and promote optic nerve regeneration, but that OECs are far superior to CNTF in promoting regeneration of RGC axons. The possible reasons for this include: (1) after optic nerve aspiration injury, only a single intravitreal administration was performed, and effective drug concentration and retention time were not evaluated; (2) many factors are involved in optic nerve repair and regeneration, and it is likely that CNTF alone does not have long-lasting effects; (3) recombinant human CNTF was used in rats, so this species difference may lead to a decreased level of CNTF. Further studies are needed to investigate the injection time and dose at which CNTF produces the optimal protective effects on the optic nerve (Fischer et al., 2012) .
Based on the counts of surviving optic neurons and detection of RGC axons after optic nerve injury, we concluded that OECs in combination with CNTF showed better protective and reparative effects on neurons than did OECs or CNTF alone, and that the combined method produces a synergetic effect. After being transplanted to the injury site, OECs and their secreted neurotrophic factor and extracellular matrix form an environment that is conducive to neural regeneration and attenuates the inhibitory effects of the environment formed by glial cells (mainly astrocytes, oligodendrocytes, microglia and macrophages). RGC axon regeneration is co-induced by the cultured OECs and extracted CNTF. OECs promote elongation of regenerated optic nerve and guide nerve fibers to pass across the glial scar (Li et al., 1997) , which facilitates CNTF promotion of RGC axon regeneration. CNTF injected into the vitreous body can circulate with the vitreous humor, rapidly dispersing over The nerve sheath membrane remained intact, but the optic nerve was disconnected, with an obvious lacuna, and stumps were seen. Nerve fibers at the site of disconnection proximal to the RGC layer were of different lengths, and their tips were arc-shaped. The middle part protruded, and a large number of tiny optic nerve buds appeared densely at the stumps. OECs: Olfactory ensheathing cells; CNTF: ciliary neurotrophic factor; RGC: retinal ganglion cell. Immediately after optic nerve damage, OECs were injected at the site of injury, and/or ciliary neurotrophic factor (CNTF) was injected into the vitreous body. (A) Optic nerve in the OEC + CNTF group; (B) optic nerve in the OEC group. There were a large number of OECs in the space between optic nerve sheath and the fibers, suggesting that these cells were alive and played a role in the repair and protection of the optic nerve. Green staining indicates p75 in cytoplasm and cell membrane; nuclei remained unstained. RGCs appeared shuttle-shaped, with a complete cell wall contour, and connected together by slightly stained nerve fibers. Cell synapses were closely connected, formed into networks, and traveled radially. The number of red circles was highest in the OECs + CNTF group (A), followed by the OECs (B) and CNTF groups (C), and lowest in the model group (D), indicating that the number of surviving RGCs showed a gradual decrease tendency in these four groups in that order. Red staining, biotin dextran amine-stained RGCs (arrows). RGCs: Retinal ganglion cells; CNTF: ciliary neurotrophic factor. The number of surviving RGCs 2 mm (quadrants 1, 3) and 3 mm (quadrants 2, 4) from the optic disc decreased across the OEC + CNTF, OEC, CNTF, and model groups (P < 0.01). The data are expressed as the mean ± SD (n = 10 eyes, one-way analysis of variance and StudentNewman-Keuls test). OECs: Olfactory ensheathing cells; RGCs: retinal ganglion cells; CNTF: ciliary neurotrophic factor. The mean optical density of RGC axons 2 and 4 mm away from the optic disc was highest in the OEC + CNTF group, followed by the OEC and CNTF groups, and lowest in the model group (P < 0.01). The data are expressed as the mean ± SD (n = 10 eyes, one-way analysis of variance and Student-Newman-Keuls test). OECs: Olfactory ensheathing cells; CNTF: ciliary neurotrophic factor.
A B C D A B C D the whole retinal surface, and is transported to the injury site of the optic nerve by axoplasmic streaming. There, it protects the RGCs and OECs and promotes their proliferation, strengthening the effects of the OECs and ultimately enhancing neural regeneration. Our study has a number of limitations. For example, we used low doses of OECs and CNTF; increasing the dose is likely to have better therapeutic effects. Furthermore, we did not compare the acute actions with the longer-term effects of OECs and CNTF after optic nerve injury. In addition, we did not continue VEP and ERG monitoring after treatment. All these should be investigated in future studies.
In summary, we used OEC transplantation in combination with intravitreal CNTF injection in rat models of optic nerve injury established by aspiration of a portion of the nerve. We found that the combined method exhibited better neuroprotection than OEC transplantation or intravitreal CNTF injection alone. We investigated neuronal regeneration and repair after optic nerve injury and even central nervous injury, and propose a novel therapeutic regimen with potential clinical value. Our results will inform future studies in the development of therapeutic options for optic nerve injury.
